The resistive response of atomic layer deposited thin epitaxial α-Cr 2 O 3 (0 0 1) films, to H 2 and CO in air, was studied. The films were covered with Pt nanoislands formed by electron-beam evaporation of a submonolayer amount of the material. The gas measurements were performed at 250°C and 450°C. These temperatures led to different proportion of chemical states, Pt 2+ and Pt 4+ , to which the Pt oxidized. The modification was ascertained by the X-ray photoelectron spectroscopy method. As a result of the modification, the response was fast at 250°C, but slowed at 450°C. A disadvantageous abundance of Pt 4+ arising at 450°C in air could be diminished by high-vacuum annealing thus restoring the response properties of the system at 250°C. 
Introduction
Resistive gas sensors (RGSs) are simple semiconductor devices that turn the dependence of conductance on the ambient gas to practical use ( [1] and references therein). The active element of the sensors is usually made of a granularly structured metal oxide. Ionosorption, or reaction of gases on different inner surfaces and interfaces (for compact materials, on the external surface), modifies the charge depletion or accumulation in the subsurface regions. In useful cases this modification causes a change in the conductance of the element as a whole. The effectiveness of RGSs is affected by the microstructure of the material, the material itself, the nature of the surface processes, catalytic properties of the surface, the bulk electronic processes, the operating temperature, and so on. A popular material for RGSs is granular thick-film SnO 2 [2] . It allows fabrication of RGSs with a good sensitivity. However, the sensors made of this material are not wholly satisfactory. Their utility is diminished by cross-sensitivity for various gaseous substances, including humidity, and an insufficient stability. That is why the search is on for materials that would comply better with the requirements. In this regard, thin films are expected to be of benefit [3] . The products of thin film technologies are predominantly compact (in a special case epitaxial), well reproducible, and with a good chemical homogeneity. The production of thin films often does not require much labor and can be performed in batches. Many of the corresponding manufacturing technologies are compatible with those used for microhotplates, such as micro-electromechanical machining. Useful qualities of sensor microstructures are the consumption of less power for necessary heating, easy arraying, great potential to be integrated with electronic circuits, and the operability in the mode of fast pulse or harmonic modulation of temperature. These circumstances facilitate obtaining of RGSs with improved properties, e.g., selectivity. Alternatively, the gas sensitivity of thin film devices, which is generally low, may be enhanced by adjusting the film thickness [4] and/or using surface catalytic promoters, for example, Pt [5] .
The oxide thin films we are studying have been grown by atomic layer deposition (ALD). The self-limited surface reactions initiated by a consecutive pause-separated supply of two or more suitably conditioned gaseous reactants are used ( [6] and references therein). ALD is especially useful for growing very thin films. With this technology, extreme precision in the film thickness, which reaches the monolayer order, can be achieved.
Lately, we have been concerned with nonepitaxial and epitaxial ALD-grown α-Cr 2 O 3 thin films [7, 8] . Normally hole-conductive α-Cr 2 O 3 may be classified, according to the conductivity type, as a minority group RGS material [9] . An interesting -type RGS material is also Cr 2 O 3 -TiO 2 [10] . In the thick-film form, it has an unusually low cross-sensitivity for humidity. Pure chromia as an RGS material has been very little studied. We can refer here, e.g., to a paper of Miremadi et al. touching upon Pd doped thick films [11] . Except for our paper [12] , to our knowledge, there is no literature about the gas response of thin-film α-Cr 2 O 3 . Continuing the commenced work, we now try to cast more light on the response improvement of epitaxial α-Cr 2 O 3 thin films through film surface platinization. It is widely known that a discontinuous Pt layer on the surface of -type thin oxide films has this effect [5] . However, it has not been observed in -type thin films as yet. We are filling this gap. In our experiments, the films are covered with quite a small amount of Pt. We measure the response in the pulse mode, traversing from a lower operating temperature to a higher and back. The temperature cycling pursues the goal of obtaining evidence for the importance of temperature application schemes. X-ray photoelectron spectroscopy (XPS) data are included to characterize the accompanying changes in the chemical state of the Pt.
Experimental
We grew (cf. [8] ) α-Cr 2 O 3 (0 0 1) films on α-Al 2 O 3 (0 0 1) ( -cut sapphire) substrates. The growth was performed in a self-constructed small-size hot-wall ALD reactor [13, 14] . The apparatus includes an optical reflectance-type monitoring system [15, 16] , one of the benefits of this being the possibility to terminate the growth at a desired thickness. The precursors were CrO 2 Cl 2 and CH 3 OH, while the carrier gas was N 2 . Both precursors were made volatile at -20°C. The pressure in the reactor was estimated to be 10 mbar, and the substrate temperature 420°C. Each successive ALD cycle involved an exposure to CrO 2 Cl 2 for 0.2 s, the first N 2 purge for 2 s, an exposure to CH 3 OH for 2 s, and the second N 2 purge for 2 s. The post-growth X-ray reflection (XRR) measurements specified the thickness of the films used in this study to be 23 to 30 nm.
The surface-modifying Pt was electron-beam evaporated in a Vacuumservice coater equipped with a Helix CryoTorr 8 cryopump and a Telemark 241 6-pocket source. The nominal thickness of the deposit was evaluated by means of a quartz-crystal oscillator calibrated beforehand. The deposition took place at room temperature with the rate close to 0.02 nm/s. During the deposition the pressure in the evaporation chamber was about 10 −5 mbar. In the experiments concerned we focused on Pt coatings with a nominal thickness of 0.2 nm.
The electrical contacts were prepared by depositing 5 nm Cr and 30 nm Pt through a stencil in the same coater. The deposition was performed prior to furnishing the films with the surface-modifying Pt. The contacts with a width of 2 mm were spaced 0.1 mm apart. While depositing the contact material, we kept the samples at about 300°C.
The gas response was measured in a temperaturecontrolled flow-through metal chamber. The test gases were H 2 and CO, diluted in dry synthetic air to 30 and 100 ppm. A dynamic measurement mode with a test gas pulse width of 2 min was used. Depending on the conductance, the voltage applied to the sample U was 1 or 0.1 V (U is shown in the figures). The measuring equipment included a Keithley model 2400 SourceMeter.
The pre-and post-treatment chemical states of the surface Pt (the treatment includes annealing in air or vacuum) were determined by XPS. The electron spectra were measured at room temperature with a Gammadata Scienta SES-100 hemispherical electron analyzer. Nonmonochromatized Mg K α radiation (1253.6 eV) was employed for the excitation. The overall spectral resolution was about 0.8 eV and the operating pressure lower than 10 −9 mbar. To compensate the shifts due to charging, the spectra were calibrated taking for the peak of the Pt 0 4 7/2 line a value of 71.2 eV [17] [18] [19] .
Low-and high-vacuum heat treatments were performed, respectively, in the evaporation chamber of the coater (pressure 10 −6 mbar) and in the preparation chamber of the photoelectron spectrometer (pressure 10 −8 mbar).
Results and discussion
An idea about the morphology of the electron-beam deposited Pt overcoats with a nominal thickness of 0.2 nm has been previously obtained from transmission electron microscopy (TEM) measurements [20] . For the measurements, Pt was deposited on a Formvar underlayer at room temperature. The corresponding TEM image [20] implied that Pt had a nanoislanded structure. By image processing, it was established that the mean size of the islands was less than 2 nm in diameter and over 1 nm in thickness.
Besides that, the diameter and height increased with the increasing amount of Pt. When the nominal thickness of the overcoat approached 1 nm, the as-deposited islands coalesced.
Seeking clarification of the effect of the islands on the gas response in our case, we first carried out gas experiments on two α-Cr 2 O 3 (0 0 1) samples that were identical except for the presence or absence of the overcoat. Our preliminary (unpublished) results obtained on platinized polycrystalline chromia films gave us a choice of test temperatures in this instance. Two particular temperatures, 250°C and 450°C, were chosen as they were supposed to have a strong effect on the response with regard, respectively, to the improvement and worsening thereof. We conducted the experiment using, in turn, the former, the latter, and again the former temperature. To obtain more detailed information, we accompanied the measurements with an intermediate annealing in vacuum. The current-time profiles measured upon exposure of a sample with Pt nanoislands to H 2 and CO are shown in Fig. 1 . The voltage applied was 1 V, except for the heattreated Pt-coated structure in Figs. 1b and 1c , where the voltage was decreased to maintain the same range of current through the sample. The sequence of measurements was as follows: at 250°C (Fig. 1a) , at 450°C (Fig. 1b) , at 250°C (Fig. 1c) , and at 250°C following the annealing at 400°C in a vacuum of 10 −8 mbar for 1 h (Fig. 1d) . The comparative results obtained on a sample without Pt islands are shown in Fig. 2 . The measurements were performed before thermodynamic stabilization of the samples. The stabilization peculiarities call for further investigation. As can be seen from Figs. 1a and 2a, at 250°C, platinizing increased the amplitude of the response by a couple of times, but still further improved the time characteristics, so that the rise and fall became several times faster. The gain in the response speed has also been observed in the -type materials (see, e.g., [21] ).
At 450°C, the increase in the response speed was no longer pronounced (Figs. 1b and 2b) . But a striking feature common for both samples was a hundredfold increase in the background current, accompanied with a gas-initiated relative current change, which is an order of magnitude smaller than at 250°C. Apropos, we will disregard the additional peculiarities of the signal seen as unimportant details from the point of view of our discussion.
An important point is that having reverted to 250°C, we encountered a new situation (Figs. 1c and 2c) . As compared to the initial measurements, the current was then roughly ten times as large. Moreover, the nonplatinized sample showed a very slow response, while the response of the platinized sample was just slower and smaller than before.
The initial state of the samples could be almost entirely restored by using 400°C annealing in a vacuum of 10 −8 mbar, as can be deduced from Figs. 1d and 2d that show time dependences again measured at 250°C. In the nonplatinized sample the background current and gas response turned out to be almost the same as in Fig. 2a . Contrastingly, the current in the platinized sample was appreciably larger than initially. Nevertheless, the response to CO neared the initial one. Note that the current at 250°C increased after experimenting at 450°C (Fig. 1c) . The heating resulted in the change of the response magnitude in favor of CO as compared to H 2 . Thus, the switchover to 450°C, even a temporary one, has, when experimenting in air, an unfavorable annealing effect, while the effect of the subsequent high-vacuum annealing is the reverse. Consequently, a strong preference should be given to the operation of the structure 0.2 nm Pt/epitaxial α-Cr 2 O 3 at (or near) a temperature of 250°C, which should not be exceeded. The platinizing used proved to be an effective means of response quickening, i.e., making the response and recovery times shorter. The former characteristic time was a couple of seconds, the latter, a couple of tens of seconds. However, the reason why the influence of Pt on the response changed with a change of the measuring temperature remained initially unclear.
To clarify this point, a series of X-ray photoelectron spectra were taken from another sample with an overcoat of 0.2 nm. This sample was heated in the same manner as in the gas experiments. A peak structure change in the Pt 4 region was observed (Fig. 3) . The spectra were fitted applying the CasaXPS software [22] . The Pt 0 lines were taken as having the Gaussian convoluted Doniach-Šunjic shape with the parameters obtained in the course of fitting of a clean Pt foil spectrum, while the shapes of the Pt 2+ and Pt 4+ lines were described by the Voigt function. The Pt 2+ and Pt
4+
lines were assumed to be shifted from those for Pt 0 , respectively, by 1.3 and 2.7 eV [17] . The spin-orbit splitting of the 4 lines was chosen to be 3.3 eV [17] [18] [19] . The statistical intensity ratio of the 4 5/2 and 4 7/2 lines 0.75 and the Shirley background were used. Fig. 3a shows a spectrum taken before the platinized sample had been annealed. In Fig. 4 , this spectrum is compared with the spectra taken from bulk metallic Pt (Pt foil) and a Pt layer with a nominal thickness of 0.5 nm, electron-beam deposited onto a thick Au film. Note that the intensity ratio of the 4 5/2 and 4 7/2 peaks depended on whether the underlayer was of Au or α-Cr 2 O 3 : in the former case, the ratio was similar to that for bulk platinum, while in the latter case, it was different from this. An additional point to emphasize is that when the underlayer was oxidized silicon, the spectrum (not shown) resembled the one obtained with α-Cr 2 O 3 underlayer, and that the spectrum (not shown) taken from a rather thick (30 nm) unannealed electron-beam deposited platinum layer and bulk platinum coincided. Fig. 3a demonstrates that the platinized sample in a pristine condition contained prevailingly Pt 0 together with a minor content of Pt 4+ and negligible content of Pt 2+ . Fig. 3b shows the spectrum taken after the sample was annealed in air at 250°C for 1 h, i.e., our standard time for the gas response measurements (the corresponding current curve is presented in Fig. 1a) . One can see a perceptible oxidation of platinum, which follows from the increased intensity of the Pt 4+ and Pt 2+ lines. Fig. 3c shows the spectrum taken after the sample was annealed in air at 450°C for 1 h (the corresponding current curve is presented in Fig. 1c ). In this case platinum was found to be severely oxidized. When the sample was thereafter annealed at 400°C in a vacuum of 10 -6 mbar, no appreciable changes appeared in the spectrum. However, annealing of the sample in a higher vacuum of 10 −8 mbar resulted in an almost complete reverting to the initial spectral shape (cf. Figs. 3a and 3d ; the corresponding current curve is presented in Fig. 1d) . The result speaks of a substantial reversal to the initial oxidation situation.
The spectra taken from thermally untreated samples indicate that a slight oxidation of the nanomaterial had already occurred during the material deposition, as a part of Pt reduces the oxide underlayer (Cr 2 O 3 , SiO 2 on oxidized Si). The oxidation did not take place if the material was grown on a metal underlayer (Au, Pt electrode on Cr 2 O 3 ). Also, no oxidation took place if a thin Pt layer evaporated onto unoxidized silicon was heated in air.
The heating of the samples in the course of gas measurements causes the oxidation of Pt atoms on the surface of the nanoislands. Oxygen seems to come mainly from the underlying oxide material. There is reason to believe that the response to the reducing gases proceeds in our case by a mechanism of electronic sensitization [2] , where the carrier concentration in the space charge layer is affected by the adsorbed gases through a change in oxidation state of the activator. The results indicate that PtO played a key role in promoting the response. The increase in the PtO 2 amount on the surface is disadvantageous.
The XPS spectra show the presence of Pt in different oxidation states. There exists a possibility of transition of electrons from Pt to the -type material underneath and a subsequent diffusion of Pt ions into the material [23] . In this case the oxidation of Pt would become hypothetical. Yet, the process is improbable in our case, since we did not observe any decrease of the XPS signal after restoration of the metallic state of Pt by high-vacuum annealing, expected if the case of [23] would realize. The XPS signal from the indiffused Pt ions should be diminished because they will be covered with Cr 2 O 3 .
The oxygen diffusion process on the surface of nanoislands may inhibit further oxidation as it has been stated on assumption that the process is a reaction between platinum and ambient O 2 [23] . On the other hand, the amount of oxides should depend on time due to the slow equilibration of the oxidation reaction, e.g., [24] Pt + O 2 PtO 2 . On the basis of our evidence we infer that during a 1 h annealing in air at 450°C the equilibrium was not yet achieved and that the decrease of the oxygen pressure to the high-vacuum level turned the equilibriation process backwards. The mechanism of the reversal of the Pt chemical state by annealing in a high vacuum remains yet to be clarified.
Conclusions
The current response of an epitaxial α-Cr 2 O 3 (0 0 1) film to H 2 and CO gases was measured relative to the sample temperature and the presence or absence of a Pt submonolayer on the surface of the film. The current along the film was registered in the flow of pure dry air with and without test gases, using a 0.1 mm gap between Pt electrodes. The response was strongly influenced by the electronbeam deposited nominally 0.2 nm Pt in the form of nanoislands. The heating of the platinized samples at 250°C in air increased the gas response and made it faster compared to the bare Cr 2 O 3 . The exposure to 450°C slowed the response down. The X-ray photoelectron spectra from the samples not furnished with the contacts demonstrated that the gas response pattern correlates with the oxidation state of the nanoislands. It was shown that the oxidation of the platinum nanoislands on the surface of chromia starts during the deposition, proceeds at 250°C, and is strongly pronounced at 450°C. Using the high-vacuum annealing, the severe oxidation of Pt could be partially reduced, restoring the response properties of the system at 250°C.
